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The structure, thermal stability, and crystalline behavior of Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy,
which exhibits a two-stage-like glass transition phenomenon, were investigated using x-ray
diffraction, transmission electron microscopy, and differential scanning calorimetry. The nanoscale
metastable Fe,Co23B6 phase precipitated in the glassy matrix after annealing, while the
two-stage-like glass transition disappeared, indicating the two-stage-like glass transition results
from the overlap of the endothermic reaction for the glass transition with the exothermic reaction for
the formation of the Fe,Co23B6 phase in the supercooled liquid region. The
Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy exhibits high glass-forming ability, enabling the formation
of glassy alloy rods with diameters exceeding 3.0 mm, rather high saturation magnetization of 0.91
T, low coercive force of 2.5 A/m, and high fracture strength of 3870 MPa. © 2009 American
Institute of Physics. DOI: 10.1063/1.3080139
I. INTRODUCTION
Since the first synthesis of ferromagnetic bulk glassy al-
loys in the Fe–Al,Ga–P,C,B,Si alloy system using the
copper mold casting method in 1995,1 Fe- and Co-based bulk
glassy alloys gained considerable interest, because they ex-
hibit excellent soft magnetic properties, high glass-forming
ability GFA, a distinct supercooled liquid region Tx
defined by the difference between the glass transition tem-
perature Tg and the crystallization temperature Tx, and
high fracture strength.1–4 The ferromagnetic bulk glassy
alloys can be generally classified into four systems:
Fe,Co–Al,Ga–P,C,B,Si,1,2 Fe, Co-TM-B TM =Zr, Hf,
Mo, Hf, Ta, W,3,5,6 Fe, Co-RE-B RE=rare-earth
element,7–9 and Fe,Co-TM-B,Si.10,11 The Fe,Co-TM-B
and Fe,Co-RE-B bulk glassy alloys exhibit larger Tx
above 60 K and good soft magnetic properties with high
saturation magnetization.3,5,12 The addition of 2 at. % TM to
Fe,Co–Nd,Dy–B alloys significantly increased the Tx
and GFA. The largest Tx was 87 K for the alloy with addi-
tion of Nb and the critical diameter dc for formation of a
single glassy phase was 1.2 mm.13 Recently, it has been re-
ported that the Tx and GFA of Fe, Co–RE–B alloys sig-
nificantly increased with further increase in the Nb content,
and the largest values reached 100 K and 3 mm,
respectively.14–16 However, the Tx value of these alloys
cannot be measured accurately, because a distinct two-stage-
like glass transition phenomenon is observed in the super-
cooled liquid region.14–16
The two-stage glass transition has been interpreted as
originating from the coexistence of two different glassy
phases in the Zr,Y–Al–Ni17,18 and Ti–Y–Al–Co alloys.19
On the other hand, it has been reported that the two-stage-
like glass transition is also due to the evolution of the short-
range order for the Zr–Ti–Be alloy20 or the formation of
medium range orderings in the supercooled liquid state for
the Ni–Nb–Zr–Al–Ta alloys.21 However, little is known
about the origin of the two-stage-like glass transition in Fe-
based glassy alloys. In this study, with an aim to clarify the
reason for the two-stage-like glass transition in Fe,
Co–RE-TM-B alloys, the structure, thermal stability, and
crystalline behavior of Fe,Co–Gd–B, Fe,Co–Nb–B, and
Fe,Co–Gd–Nb–B glassy alloys were investigated using
x-ray diffraction XRD, differential scanning calorimetry
DSC, and transmission electron microscopy TEM. The
GFA and magnetic and mechanical properties of the glassy
alloys were also examined.
II. EXPERIMENTAL PROCEDURE
Alloy ingots were prepared by arc melting mixtures of
Fe, Co, Gd, B, and Nb with purities of over 99.5 mass % in
an argon atmosphere. The alloy ingots were remelted four
times to ensure chemical homogeneity. The glassy alloy was
produced by copper mold injection casting for cylindrical
rods with diameters of 0.5–5 mm and by melt spinning for
ribbons with a cross section of 0.021.0 mm2. Annealing
treatment was carried out in vacuum for 600 s at tempera-
tures ranging from 823 to 973 K. The structure of the
samples was examined using XRD Cu K and TEM JEM-
2010. The thermal stability was examined using DSC at a
heating rate of 0.67 K/s. The melting and liquidus tempera-
tures Tl were measured with a differential thermal analyzer
at a heating rate of 0.33 K/s. Saturation magnetization Is
and coercive force Hc were measured with a vibrating
sample magnetometer and a B-H loop tracer, respectively.
Saturated magnetostriction s was measured using a strain
gauge at an applied magnetic field of 398 kA/m. All theaElectronic mail: wzhang@imr.tohoku.ac.jp.
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samples for magnetic property measurements were annealed
for 600 s at the temperature of Tg−80 K to release internal
stress. The mechanical properties under compressive load
were measured using an Instron 5581 mechanical testing ma-
chine. The gauge dimension for the mechanical test speci-
men was 2 mm in diameter and 4 mm in height and its strain
rate was fixed as 5.010−4 s−1.
III. RESULTS
Formation of the glassy phase was confirmed by XRD
for all the melt-spun Fe0.9Co0.175−x−yNbxGdyB25 x=0–4;
y=0–3.5 alloy ribbons. Figure 1 shows DSC curves of the
melt-spun Fe0.9Co0.175−x−yNbxGdyB25 x=0 and 4; y=0 and
3.5 alloys. No glass transition was observed for the
Fe0.9Co0.175B25 alloy. However, a distinct glass transition
was observed for the Nb- or Gd-doped alloys. It was there-
fore concluded that the addition of Nb or Gd to Fe,Co–B
alloys is very effective for an increase in the stabilization of
the supercooled liquid. The Tx and Tx of the Gd-doped
alloy were much larger than those of the Nb-doped alloy,
indicating better stabilization of the supercooled liquid
against crystallization for the Gd-doped alloy. Moreover, the
glassy alloy containing both Gd and Nb exhibited greater
thermal stability and a Tx value of over of 100 K was
obtained for the Fe0.9Co0.167.5Nb4Gd3.5B25 alloy. However,
an additional inflection point Tinf can be clearly observed in
the supercooled liquid region, which was initially interpreted
as a two-stage-like glass transition.
In order to investigate the two-stage-like glass transition
further, the annealing treatment was performed in vacuum
for the Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy. Figures 2
and 3 show XRD patterns and DSC curves of the Fe,Co–
Nb–Gd–B glassy alloy annealed for 600 s at temperatures
Ta ranging from 873 to 923 K, respectively. No crystalline
peaks were observed for the samples annealed at Ta below
913 K. However, several diffraction peaks appear on a broad
halo pattern after annealing at 923 K, indicating the precipi-
FIG. 1. DSC curves of Fe0.9Co0.175B25, Fe0.9Co0.171Nb4B25,
Fe0.9Co0.171.5Gd3.5B25, and Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloys.
FIG. 2. XRD patterns of Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy annealed
for 600 s at 873–923K.
FIG. 3. DSC curves of Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy annealed for
600 s at 873–923K.
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tation of crystalline phases in the glassy matrix. The diffrac-
tion peaks were identified as a metastable Fe,Co23B6
phase. Figure 3 also shows a significant change in the glass
transition behavior upon annealing. With increasing Ta, Tg
remains unchanged, while Tx gradually decreases. The two-
stage glass transition behavior gradually attenuates and al-
most disappears with increase in Ta to 923 K.
Figure 4 shows TEM bright-field images, and selected-
area and nanobeam electron diffraction patterns obtained
from the Fe0.9Co0.167.5Nb4Gd3.5B25 alloy sample in the as-
melt-spun state and annealed at 913 K for 600 s. The TEM
image is featureless and the corresponding selected-area dif-
fraction pattern Fig. 4a exhibits a diffuse halo ring pat-
tern, which is typical for a single glassy phase. Although no
obvious crystalline peak is observed in the XRD pattern of
the sample annealed at 913 K Fig. 2, the TEM image re-
veals some nanocrystalline particles with grain sizes of
10–30 nm in the glassy matrix see Fig. 4b. The nanobeam
diffraction patterns of the precipitation particles were identi-
fied to be a phase type of Fe23B6 see Figs. 4c and 4d.
The XRD and TEM results reveal that the initial crystalline
phase for the Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy is a
metastable Fe23B6 phase. From the above results, it can be
suggested that the Tinf is a small exothermic peak from an
exothermic reaction for the formation of the nanocrystalline
Fe,Co23B6 phase. The Tx is determined by the difference
between the Tg and the Tx1; it is 53 K see Fig. 3 and Table
I.
The GFA, magnetic properties and mechanical strength
of the Fe-based glassy alloys were also investigated. Table I
summarizes the thermal properties, critical sample diameters,
and magnetic and mechanical properties of the glassy alloys.
The bulk glassy sample can be formed for all the glassy
alloys, and the Fe0.9Co0.167.5Nb4Gd3.5B25 alloy exhibits the
highest GFA; a glassy alloy rod with a diameter of 3.0 mm
was produced by the Cu mold injection casting method. The
Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy also exhibits good
soft magnetic properties, i.e., rather high Is of 0.91 T, low Hc
of 2.5 A/m, and low s of 1310−6, as given in Table I. In
addition, the bulk glassy alloy exhibits high fracture strength
of 3870 MPa and a Young’s modulus of 185 GPa.
IV. DISCUSSION
Two-stage-like glass transition phenomena in Fe-based
glassy alloys have been observed or reported for the
Fe,Co–Nb-RE-B alloys14 and Fe–Nb–Y–B.15,16 However,
the origin of the anomalous glass transition behavior has not
been thoroughly investigated. Generally, the two-stage glass
transition has been presumed to originate from the phase
separation into the two different glassy phases in the super-
cooled liquid, as similarly reported in the Zr–Y–Ni–Al17,18
and Ti–Zr–Al–Co19 glassy alloys. However, the experimental
results obtained from detailed and careful XRD and HRTEM
analyses of the Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloys
ruled out the possibility of the presence of two glassy phases.
The DSC results see Fig. 3 demonstrated that the ther-
mal history affects the two-stage-like endothermic reaction
of the Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy. When Ta is
increased up to 923 K, only one glass transition is observed.
The values of Tg, Tx, and Tx are close to those of the
FIG. 4. TEM images and selected-area diffraction patterns obtained from
the Fe0.9Co0.167.5Nb4Gd3.5B25 alloy ribbon in the as-melt spun state a and
annealed at 913 K for 600 s b; c, d Nanobeam electron diffraction pat-
terns taken in the particles of the sample annealed at 913 K for 600 s.
TABLE I. The thermal parameters, critical sample diameters, and magnetic properties of Fe-based glassy alloys studied in the work.
Alloy composition
at. %
Tg
K
Tx
K
Tx
K Tg /Tl
dc
mm
Is
T
Hc
Am−1
s
10−6
s
MPa
Fe0.9Co0.175B25 ¯ 751 ¯ ¯ 0.5 1.61 2.4 6 ¯
Fe0.9Co0.171.5Gd3.5B25 846 904 58 0.543 0.75 1.35 2.7 22 ¯
Fe0.9Co0.171Nb4B25 842 876 34 0.546 1.0 1.37 2.8 11 ¯
Fe0.9Co0.167.5Gd3.5B25Nb4 852 905 53 0.569 3.0 0.91 2.5 13 3870
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Fe0.9Co0.171.5Gd3.5B25 glassy alloy, suggesting that the
Fe,Co–Gd–B glassy phase remains in the structure. From
the XRD and TEM analyses see Figs. 2 and 4, the primary
crystalline phase of the Fe0.9Co0.167.5Nb4Gd3.5B25 glassy al-
loy is identified as a phase of Fe23B6-type, which has been
generally recognized for Fe-based glassy alloys containing
Nb and B elements.22,23 The results suggest that the two-
stage-like glass transition is attributed to the overlap of a
exothermic reaction for the formation of the nanocrystalline
Fe,Co23B6 phase in the supercooled liquid region with the
endothermic reaction for the glass transition.
The appearance of the two-stage-like glass transition
phenomena may possibly be due to the compositional fluc-
tuation in the Fe,Co–Gd–Nb–B glassy alloy. There is a
large atomic-size difference and the negative heats of mixing
among the constituent elements are obtained in the Fe,Co–
Gd–B system, leading to the formation of the glassy phases,
which have a dense random networks of trigonal prismlike
local units.24 The addition of Nb into Fe,Co–Gd–B alloy
causes the sequent change in atomic sizes among the con-
stituents Gd 0.180 nmNb 0.147 nm
Fe 0.127 nm, Co 0.125 nmB 0.098 nm,25 and the
generation of new strong chemical affinities of Nb–B 39
kJ/mol, Nb–Fe 16 kJ/mol, and Nb–Co 30 kJ/mol
pairs, which contribute to the strengthening of the random
networks of trigonal prismlike local unit, leading to enhance-
ment of the stabilization of the supercooled liquid. On the
other hand, a large positive heat of mixing between Nb and
Gd 30 kJ/mol Ref. 26 could also contribute to repulsive
chemical interactions and may result in the local composi-
tional fluctuation in the supercooled liquid.27 When the alloy
is annealed, the nanoscale Fe,Co23B6 phase separation can
occur through the local compositional fluctuation.
Compared to the Fe,Co–Nb–B and Fe,Co–Gd–B al-
loys, the Fe,Co–Nb–Gd–B alloy exhibits a higher GFA.
Usually, the positive heats of mixing between the constituent
elements in the alloy systems are considered to degrade the
GFA or lead to limited GFA enhancement.28 However, the
present result is likely, because the Fe,Co–Nb–Gd–B alloy
has a lower Tl, resulting in a higher Tg /Tl of 0.565 Table I,
which implies that the viscosity of the supercooled liquid for
the present alloy increases rapidly with decreasing tempera-
ture, leading to easy solidification of supercooled liquid into
a glassy solid state under the suppression of crystallization
reaction.28
V. SUMMARY
The structure, thermal stability, crystallization behavior,
GFA, magnetic properties, and mechanical strength of
Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy with two-stage-like
glass transition were investigated. A nanoscale metastable
Fe,Co23B6 phase is precipitated in the glassy matrix after
annealing, while the two-stage glass transition disappeared,
resulting in only one glass transition. These results suggest
that the two-stage-like glass transition originates from the
exothermic reaction for the formation of the Fe,Co23B6
phase in the supercooled liquid region of the glassy phase.
The Fe0.9Co0.167.5Nb4Gd3.5B25 alloy had a critical glass-
forming diameter of 3.0 mm, which was higher than those of
the Fe0.9Co0.171.5Gd3.5B25 and Fe0.9Co0.171Nb4B25 alloys.
The Fe0.9Co0.167.5Nb4Gd3.5B25 glassy alloy also exhibited
rather high saturation magnetization of 0.91 T, low coercive
force of 2.5 A/m, low saturated magnetostriction of 13
10−6, and high fracture strength of 3870 MPa with a
Young’s modulus of 185 GPa.
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